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In epithelial differentiation keratin intermediate filament 
genes are expressed i? multifarious tissue-speci~c and sta.ge-
specific patterns. PaIrS of type I and type II mtermedlate 
filament genes, belonging to multigene families, are coordi-
nately regulated, and 4 - 5 genes of each type are expressed in 
the hair follicle. Accumulating chromosomal mapping data 
points to a major locus for each intermediate filament multi-
gene family on separate chromosomes. In this report we de-
scribe the isolation of a sheep hair keratin cos mid by chromo-
some walking that overlaps two previously described cosmids 
and establishes a continuous 100-kb segment of cloned DNA 
containing three hair and three hair-like type II intermediate 
filament keratin genes. A new hair keratin type II interme-
U nderstanding the regulation of gene families that are controlled in developmental or tissue-specific patterns is one of the challenging goals of molecular biology. Gene organization can be central to the regulatory mechanisms when genes are clustered, 
and the globin gene system is a well known and pertinent example. 
Pairs of a- and fJ-globin genes are coordinately expressed during 
fetal, embryonic, and adult life from gene clusters located on sepa-
rate chromosomes (for review see [1]). The fJ-globin locus covers 
about 100 kb and is regulated by the activity of the locus control 
regions (LCRs) located up to 30 kb from the €-globin gene at one 
end of the cluster (for review see [2]). Marked by tissue-specific 
DNase I hypersensitive sites, the LCRs appear to contain clusters of 
transcription factor binding sites and there is speculation that they 
could also incorporate a new type of regulatory element that estab-
lishes a stable, transcriptio~ally competent domai~. Recently, puta-
tive LCRs have also been Idenufied at the a-globm locus [3,4J. An 
intriguing question is how general such control might be for multi-
gene families whose members are regulated in a developmental or 
tissue-specific manner 'and which are clustered in the genome. 
The intermediate filament (IF) superfamily includes at least six 
multi gene families, of which the largest are the two keratin IF 
families (types I and II) that each contain more than 10 functional 
genes (for review see [5]). Both families of keratin IF can be divided 
into two subgroups on the basis of protein sequence, the epidermal 
IF and the hair IF, the latter proteins with their distinctive cysteine-
rich N-terminal and C-terminal domains [6]. The keratin IF genes 
are expressed in spatial and temporal-specific patterns in diverse 
epithelial tissues, suggesting that their genetic regulation is com-
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diate filament gene, KR T2.11 , is located in the middle of the 
cluster, and partial sequence data reveal a striking conserva-
tion of its predicted N-terminal region with other sheep hair 
keratin type II intermediate filament proteins. Expression 
analyses demonstrate the presence of a 2.4-kb KRT2.11 tran-
script in wool follicle RNA and show that expression occurs 
in the follicle cortical keratinocytes above the dermal papilla. 
The three hair genes are clustered within about 40 kb and 
flanked by hair-like genes that are not expressed in the hair 
follicle, thereby demarcating a hair keratin gene domain. Key 
words: IF typeII locus/multigene family/KRT2.11. ] Invest Der-
matoI102:171-177, 1994 
plex. One type I IF protein combines with a specific type II partner 
to form the fundamental structural unit, and thus each co-expressed 
gene pair must be under coordinate control. The type I and type II 
epidermal IF keratin gene families appear to map to different chro-
mosomes, with the intriguing exception of a type I IF gene that 
maps to the same chromosome as the type II locus [7,8], and linkage 
data indicate that the mouse hair and epidermal keratin IF genes are 
linked [9]. These genetic analyses cannot resolve gene linkage 
below 1 Mb, a distance in molecular terms that is so large that if 
genes were that far apart then their organization would be unlikely 
to influence gene regulation. Individual groups of two to three 
keratin IF genes have been reported in a number of genomic clones 
from different species, although the relationship between them has 
not been established (for review see [5]). 
Each hair keratin IF family contains four major proteins and a 
fifth, minor protein appears to be present in human and bovine hair 
but not in sheep wool [10] . To study the expression and organiza-
tion of the hair keratin IF gene families we isolated sheep type I and 
type II IF keratin cosmids with wool keratin cDNA probes [11]. 
Each cos mid contained two to three hair-related IF genes of either 
the type I or the type II families and, in recent studies of the two type 
II cosmids, we found that only one gene in each cosmid was ex-
pressed during hair follicle differentiation [12,13]. On the basis of 
the protein data at least two other functional hair follicle type II 
genes remain to be discovered. 
In the present study we have used cosmid end probes to undertake 
a chromosome walk and we now report the cloning of a contiguous 
length of 100 kb of DNA and the identification of a third functional 
hair IF type II gene, KRT2.11. The three functional hair genes are 
clustered within a 40-kb segment of DNA and flanked by three 
hair-related genes that. are not expressed in the follicle, thereby 
defining the physical boundaries of a hair keratin gene domain. (A 
revision of the keratin gene nomenclature has recently been pro-
posed [14,15] and is used in this report. Briefly, type I IF keratins are 
numbered according to the term, KRT1.n (abbreviation K1.n) and 
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type II IF keratins by KRT2.n (abbreviation K2.n). Existing catalog 
numbers [16] are retained as the n values, hence K1, a type II IF, 
would be KRT2.1. Note that the Arabic numbers 1 and 2, denoting 
type I and type II, replace the Roman numerals used in an earlier 
report [13].) 
MATERIALS AND METHODS 
Cosrnid Screening DNA was isolated from a Merino X Dorset Horn 
cross sheep and supplied to Clontech for library construction in the vector, 
pWE15. Approximately 2-3 genome equivalents of the sheep cosmid li-
brary was screened in duplicate by the colony hybridization method with 
probes as described in the results. Three positive clones were detected and 
one was rescreened until purity. Cosmid DNA was prepared from 5-10 m! 
cultures grown overnight at 30·C by standard methods. 
Southern Blots Southern transfers of DNA onto Zeta Probe membrane 
(BIORAD) were performed by the alkali method [17]. Filter-bound DNA 
was prehybridized for at least 2 hat 41 · C in 47% formamide, 10% dextran 
sulphate, 3 X SSPE, 1 % sodium dodecylsulfate (SDS), 0.5% BLOTTO,. 
and 0.5 mg/ml autoclaved salmon sperm DNA, then hybridized overnight 
in the same solution with labeled probe. The final stringency of the post-hy-
bridization washes is given in the figure legends. 
Northern Blots Wool follicles were collected from sheep and Northern 
blot analysis of 5 Jlg of polyA + follicle RNA was performed as de-
scribed [18]. 
Tissue In Situ Hybridization In situ hybridizations on paraformalde-
hyde-fixed and sectioned sheep wool follicle biopsies were perfortned as 
described [13]. High specific activity cRNA and RNA probes for in situ 
hybridization analysis were produced by transcribing the clones, after appro-
priate linearization, with either SP6 or T7 RNA polymerase in the presence 
of [a-35S]UTP (Du Pont Ltd., Sydney, Australia) using a kit obtained from 
Bresatec. 
Probes K2.9 3' -noncoding probe; a 680-bp fragment isolated from a 
DNase I deletion subclone and including 200-bp of 3' -noncoding and 480-
bp of flanking sequence of K2.9. 
K2.10 3' -noncoding probe; a 220-bp Pst I fragment from an type II IF 
cDNA clone, equivalent to K2.10 [11], including 18 bp of the C-terminal 
domain of K2.1 0 and 200 bp of the 3' -noncoding region. 
K2.11 3' -noncoding probe; a 120-bp Sma I fragment from a partial cDNA 
clone. Hair type II IF exon 1 probe: a 380-bp fragment fromK2.9 including 
178 nucleotides encoding 59 amino acids of the N-terminal domain from 
exon 1 and 202 nucleotides from the first intron (see Fig 1 in [13]). 
Hair type II IF exon 7 probe: a 190-bp fragment fromK2.9 including 125 
nucleotides of the 3' end of exon 7 and 65 nucleotides of intron 7. The probe 
encodes 42 amino acids from the end of the a-helical rod domain, the most 
conserved region in IF proteins. DNA probes were labeled with 32p by 
oligolabeling [19] using a Bresatec kit (Adelaide, South Australia). 
Sequencing Subcloned restriction fragments or progressive deletions 
thereof obtained using BAL31 or Exonuclease HI using a kit (Pharmacia 
LKB) were sequenced. Single-stranded template DNAs or double-stranded 
template DNAs were sequenced using la-35S]dATP (1000-1500 Ci/ 
mmole, Bresatec) and either the Klenow sequencing kit (Bresatec) for sin-
gle-stranded templates, or a Sequenase Version 2.0 sequencing kit (US Bio-
chemicals) for double-stranded templates. The DNAs were sequenced in 
both directions except where noted in the figure legends. Sequencing data 
were manipulated with programs from the IDEAS sequence analysis soft-
ware package [20]. 
RESULTS 
To undertake a chromosome walk from the hair IF K2.9 gene at the 
end of one of our cosmid clones we screened a sheep cos mid library 
with a K2.9 3' noncoding probe. One cosmid was purified, and 
when digested DNAs from this cosmid (number 154) and two other 
hair cosmids were compared it was apparent that there were several 
common-sized restriction fragments (Fig lA). Hybridization of 
cos mid Southern blots with unique 3' noncoding probes for the 
K2.9 gene in cos mid 150 and the K2.1O gene in cosmid 151 re-
• The composition of Bovine Lacto Transfer Technique Optimiser 
(BLOTTO) is 0.5% nonfat dried milk dissolved in water containing 0.02% 
sodium azide. See Johnson DA, Gautsch JW, Sportsman JR, Elder JH: 
Improved technique utilizing nonfat dty milk for analysis of proteins and 
nucleic acids transferred to nitrocellulase. Gene Anal Tech 1:3 - 8, 1984. 
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Figure 1. Mapping of sheep keratin IF type II genes in cos mid 154. DNA 
from cosmids 150, 151, and 154 were digested with Eco RI (A-F) or Bam 
HI (G), electrophoresed in a 1 % agarose gel, and transferred bidirectionally 
to Zeta Probe membrane (BIORAD) and hybridized with probes as indi-
cated above the panels. After hybridization the blots were stripped and 
re-exposed to ensure removal of probe before rehybridization. A, ethidium 
bromide stained cosmid DNAs digested with EcoR!. B, K2.9 3' noncoding 
probe. C,K2.10 3' noncoding probe. D, exon 7 coding probe fromK2.9. E, 
exon 1 coding probe from K2.9. F, K2.11 3' noncoding probe. G, DNA, 
cosmid 154 digested with Bam HI and stained with ethidium bromide. Ex 1, 
exon 1 probe from K2.9; 3', K2.11 3' noncoding probe. The arrow next to 
panel G, Ex 1 track, indicates the K2.11 5' end. Wash stringency for B, C, F, 
and 3' probe track of G was 0.1 X SSPE, 1 % SDS at 65· C, and for D, E, and 
exon 1 probe track of G, 2 X SSPE, 1 % SDS at 65 ·C. 
vealed that cos mid 154 contained the ends of both genes (Fig IB,C). 
In combination with the cosmid 154 map (Fig 2A) these data. dem-
onstrate that cosmid 154 links cosmids 150 and 151. 
To identify whether cosmid 154 contained other IF type II genes 
we used a probe to exon 7, the most conserved region of keratin IF 
genes. This probe detected three EcoRI restriction fragments in 
cosmid 154 (Fig ID) corresponding to genes K2.9 and K2.1 0 (com-
mon bands in 150/154 and 154/151 tracks, respectively) and indi-
cating the presence of a third gene, K2.11 in cos mid 154 (13.6-kb 
Eco Rl fragment). Confirmation was obtained with a conserved 
exon 1 probe that also detected three EcoRI fragments in cosrnid 
154 (Fig lE); the 13.6-kb fragment corresponds to K2.11, the 8.2-
kb fragment to K2.9, and the 2.6-kb fragment to K2.1O (Fig 2). 
A partial wool follicle eDNA clone has been isolated for K2.11 
and a specific 3' noncoding region probe hybridized to cosmid 154 
(Fig IF), identifying K2.11 as the gene between K2.9 and K2.10 
(Fig 2). The orientation of K2.11 relative to the flanking genes was 
determined by mapping the hybridization of the exon 1 probe and 
the K2.11 3' noncoding probe to Bam HI blots of cosmid 154 (Fig 
IG) . The K2.11 3' probe hybridizes to the 16-kb Bam HI fragment 
and the exon 1 probe hybridizes to three Bam HI fragments, repre-
senting the 5' ends of K2.9, K2.10, and K2.11. The 8.2-kb and 
2.5-kb fragments are derived from the 5' ends of K2.9 and K2.10 
and the 6-kb fragment fromK2.11. K2.11 is therefore transcribed in 
the opposite orientation to K2.9 and K2.1 0 (Fig 2). 
Location of the 5' and 3' Ends of the K2.11 Gene In locating 
the K2.11 promoter we took advantage of the common occurrence 
of a Kpn I restriction site in the coding region of the first exon of 
several IF type II keratin genes. We have sequenced the first exons 
of the five related IF type II genes in cosmids 150 and 151 ([13], and 
unpublished data) and in four of them there is a conserved Kpn I site 
near the middle of the exon. This site is also conserved in a mouse 
hair IF type II eDNA [21] and we anticipated that it might be 
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Figure 2. A) Map of the linking cosmid, 154. The locations of the three hair IF type II genes are shown underneath the cosmid map and the direction of their 
transcription is denoted byarrOlvs. The three stippled lilies below the map denote the extent of the K2.11 sequenced regions (see Fig 4). The positions of the K2.9 
andK2. 10}' noncoding probes are shown as opell circles.in the schematic gene diagrams. Note: the sizes of restrictio~ fragments smaller than 1 kb are not given. 
E, Eco RI; 13, Bam HI; K, Kpn I. Bar, 2 kb. B) Schematic map of the sheep wool IF type II gene locus. A 100-kb region of DNA from the overlapping cosmids 
150,151, and 154 is shown containing three hair (K2.9, K2.10, and K2. 11; solid arrows) and three hair-related IF type II genes (K2.13, K2.14, and K2.15; 
stippled arrows). Only the 5' half of the K2.14 and K2.15 genes are present at the ends of cosmids 150 and 151, respectively. 
A 
Figure 3. Expression of the K2.11 gene in the wool follicle. A) Northern analysis of wool follicle RNA. A K2. 11 gene-specific 3' noncoding probe was 
hybridized to a blot of wool follicle polyA + RNA (S J1.g) and washed at high stringency (0.1 X SSPE, 1 % SDS, 6S °C). An mRNA of approximately 2.4 kb 
(arrow) was detected. The RNA was sized by comparison with the l3RL RNA molecular weight ladder. B, C) III silll localization of K2.11 gene expression in 
wool follicle differentiation. Transverse 7 -J1.m sections from Merino X Dorset Horn sheep were hybridized with an 3SS-labeled antisense K2.11 }' noncoding 
probe. The sense probe produced random signals (data not shown). B, brightlield; C, darkfield views. Four fo ll icles are shown, displaying various stages in 
follicle development and numbered from 1 to 4 in order of position up from the follicle base. Note that hybridization is restricted to the hair cortex (follicles 3 
and 4; arrowheads) and is not detectable in the lower bulb (follicle 1) or immediate suprabulbar region (foll icle 2). The circle of dots in follicle 1 encompass the 
dermal papilla. The apparent signal in the outer layer of the inner root sheath (small arrows, Fig 3C) is all artefact. C; cortex, I; inner root sheath, 0; outer root 
sheath. Bar, 7Sllm. 
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Figure 4. Partial sequence of the hair K2.11 IF type II gene. A) Sequence of K2.11 promoter and first exon. Putative AP1, CAT, and TAT A motifs are boxed 
and the predicted translation of the exon coding region is given in one letter code. See text for other boxed sequences. Differences between the predicted coding 
regions of K2.11 and the adjacentK2.9 gene [13] are circled. The N-terminal domain is stippled. The exon/intron boundary is marked and the intron sequence is 
given in lower case. A 980-bp Bg1 IIJKpn I restriction fragment containing the promoter region and part of the fust exon was sequenced in both directions. The 
remainder of the first exon 3' to the Kpn I site at nucleotides 984-989 was sequenced from one DNA strand only, with at least 98% accuracy. The sequence 
data are available fromEMBL/GenBank/DDBJ under accession number X73455. B) K2.11 gene sequence from intron 4 to exon 6. There is asingle difference 
(Circled) between the predicted amino acids encoded by the K2.11 exon 5 sequence and those of K2.9. The linker L12 and L2 regions that interrupt the a-helix 
are in italics and denoted by dashed boxes. The exon/intron boundaries are marked and the intron sequences are given in lower case. The sequence was determined 
from one DNA strand, in opposite directions from the Kpn I site (u'lderlitICd at end of exon 5) with at least 98% accuracy. The sequence data are available from 
EMBLJGenBankJDDBJ under accession number X73456. C) Sequence ofK2.11 partial cDNA. The K2.11 clone of768 bp encoded 153 amino acids of an IF 
typ~ II protein, equivalent to exons 6 to?, in~luding 84 amino acids £t:om the a-helic~ domain and 69 f:om the C-terminal domain. The 300-bp 3' noncoding 
regIOn lacked a canolllcal polyadenylatton signal. The predicted ammo aC1d translatton has appeared m a prehrrunary format m wluch the two consecutive 
circled alanine residues in the C-terminal domain of this figure were incorrectly given as serine and arginine [13] . The sequence was determined in both 
directions and is available from EMBL/GenBankJDDBJ under accession number X73457. 
cDnserved in the sheep K2.11 gene tDD. As the 3.4-kb Kpn I frag-
ment that hybridized tD the eXDn 1 probe is a dDublet, also hybridiz-
ing tD the K2.11 3' nDncDding prDbe, bDth fragments were sub-
clDned and sequenced frDm the ends. Sequence frDm the end .of .one 
fragment w as identical te sequence frem the K2.11 3' nenceding 
regiDn (data nDt shDwn but see Fig 2A fDr IDcatiDn and extent .of 
sequence determined) . ComparisDn with the K2.11 cDNA se-
quence suggests that the K2.11 polyadenylatiDn signal probably lies 
several bases into the adjacent 9.8-kb Kpn I fragment and this weuld 
place the 3' ends .of K2.1 0 and K2.11 approximately 8 kb apart (Fig 
2). Sequence frDm .one .of the ends .of the adjacent Kpn I fragment 
was nearly identical tD sequence frDm the first eXDn of K2.9, thereby 
IDcating the K2.11 prDmDter. The K2.9 and K2.11 prDmDters are 
abeut 8 kb apart (Fig 2). 
The K2.11 Gene: ExpressiDn and Structure NDrthern analysis 
with a K2.11 3' noncDding probe shDws the presence .of a 2.4-kb 
transcript in WDDI fDllicie RNA (Fig 3A), similar in size tD the K2.9 
fDllicie mRNA [13J. K2.11 is expressed in the differentiating hair 
fellicle cDrtex cells (Fig 3B,C, fDllicles 3 and 4, and [13]) and ne 
transcripts are detectable in the cell proliferatiDn ZDne around the 
dermal papilla in the follicle bulb (Fig 3B, follicle 1) or in the 
immediate suprabulbar regiDn (Fig 3B, fDllicle 2). 
Type II keratin IF genes typically cDntain nine eXDns and CDver 
frDm 7 -9 kb .of DNA. The K2.11 gene spans abDut 7 kb and se-
quence data were .obtained fDr the prDmDter regiDn and eXDns 1 and 
5 .of the gene (Fig 4A,B). The regions equivalent to eXDns 6 through 
9, including the 3' noncoding region, were derived from the partial 
cDNA clDne (Fig 4C) . These data enCDmpasS the cDding regiDns fDr 
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Figure s. Comparison of the amino acid sequences of four sheep wool IF type II proteins, K2.9, K2.10, K2 .11, and K2.12. K2.9 is presented as the model 
sequence and the other sequences are compared to it. Asterisks denote identical amino acids. Variant amino acids are given, a deletion in the N-terminaJ domain 
ofK2.12 is shown by a dash, and insertions are shown below the sequence with the insertion point indicated. A single amino acid insertion in the C-terminal 
domain of the K2.11 sequence relative to K2.9 is circled. The N-terminal and C-terminal domains are boxed and the predicted linker regions, Ll, Ll2, and L2, in 
the a-helical domain are italicized and box ed. A conserved dipeptide, a basic amino acid followed by a cysteine, at the C-terminus ofK2.9, K2.10, and K2.11 is 
underlined. Note that the order of the first two amino acids in K2.10 and K2.12 has not been detennined [40,42J. The two gaps in the K2.11 a -helical domain 
sequence are estimated by comparison to be 122 and 17 amino acids. K2.9 sequence [13J, K2.10 sequence (component 7c) [42J, K2.11 sequence (this paper), 
K2.12 sequence (component 5) [40J. 
the N- and C-terminal domains and a substantial portion of the 
predicted a-helical region. Comparison of the predicted amino acid 
sequences with those from the adjacent K2. 9 gene revealed consid-
erable conservation, with variability restricted to the end of the 
C-terminal domain (Fig 4). The acquisition of the K2.11 data'brings 
the number of sequences from IF type II proteins expressed in the 
wool follicle to four, believed to be the full complement for this 
family in sheep wool [22]. The K2.9, K2.lO, and K2.11 sequences 
are very similar and, in particular, the K2.11 N -terminal domain is 
identical in size to that of K2. 9 and differs at only five residues at the 
extreme N-terminus (Fig 5). The most variable region occurs at the 
end of the C-terminal domain, covering from 15-50 residues de-
pending on the protein. Interestingly, K2.9, K2.10, and K2.11 all 
terminate in a conserved dipeptide, a cysteine residue preceded by a 
basic residue. 
In the promoter region there were several sequences of note, 
including a perfect AP1 box and two CAAT boxes, that exhibit 
striking conservation over 12 bases (10/12 and 12/12 matches) 
with the CAAT box in the hair K2.9 promoter [13]. Also present in 
a similar location to that noted in the four hair keratin IF promoter 
sequences published to date [13,23-25] is the HK1 motif[13,23], 
although in this instance there is a one-base difference. Intriguingly, 
a 16-base sequence immediately upstream of the K2.11 HK1 box is 
perfectly conserved and present in the opposite orientation in the 
K2.9 5' noncoding region. 
Partial sequence data were derived from introns 1 and 4, and the 
complete sequence for intron 5 of K2.11. Striking conservation was 
noted between the first introns of some of the genes in the cluster 
and a moderate level between others (Table I and Fig 6) but it does 
not appear to be related to follicle specificiry. Thus, of those genes 
expressed in the follicle, K2.9, K2.10, and K2.11, a segment of 
239-bp from intron 1 was compared (the extent of the derived 
K2.11 sequence) in which there was 98% nucleotide identity be-
tween the K2.9 and K2.11 genes and 56% nucleotide identity be-
tween the K2.10 and K2.11 genes. However, the K2.14 gene, 
which is not expressed in the follicle, also exhibited 93% nucleotide 
identity with K2.11 over this region. Substantial sequence conser-
vation was also noted between intron four of K2. 9 and K2.11 (ap-
proximately 80% over 190 bp) and intron five of K2.9, K2.11, and 
K2.13 (approximately 80% over 250 bp) (Fig 6). 
DISCUSSION 
A 100-kb contiguous region of sheep DNA has now been cloned 
from the keratin IF type II gene locus revealing the tight linkage of 
hair and hair-like type II genes. Within this region 6 type II genes 
have been discovered, three of them expressed in the hair follicle 
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K2.13 
K2.11 
t 
t tcccaggctqgc~tg'ta -cag agga aa t agatgggag tgcctgt aggcg tgaggg t t t 
::: :: : ::; : 
aagagagggtgttggt ttg-ggtcggagt tggaca gg ag t t. tga gcaggagctaca gtee 
: : : : :: : :: :::: ::::: :: :: : : :: : :: : ::::: : :::: 
K2.9 aaqagagggca ttgctctgtga tcaga gtcggaca 9999 t tggggcaggagctaca gt cc 
~ ~ ~ 
K2.13 tgga aa t tgtgggct tgtgtggtgt gtgtg tg tgtgt gtgtgtg tg - t gtgt tgt g •• ag 
: : : :: : : 
K2.11 atgaggctgtcaccaggaccggtctggg.ggccca gggag. tcagg-. gagctga g •• gg 
::::::::::;: : :: : : ;::: :: :::::::::: 
K2.9 a tga ggc tg tea -9 ag9---gg---gcca 9 ggc- - tg 9 i1 ga eea 99 a a 999 ct ga g a a gg 
~ 
K2.13 gtggaa tgtactctgt tctact tggctct gg.1 tga t 9 ta t g ta a tgtgaa tga - ctct tg 
. . . . . . . . . . .:. .: 
K2.11 ct tgtacacactgtggtgggggaagccaaggtgta aa ca agaccct tccaccctcccgcc 
: ::::: : : :: : ::::::: ::::: : :: : :::: : :: :::: ;:;::::: : :::: :: 
K2.9 cgggta cacgctg t ggtg 999 99 ag cea aa gt 9 t a a a ca ag a ccct teea ccc tccca cc 
K2.13 
K2.l1 
K2.9 
K2.13 CMGATGGACM TAGCAGGTACCTGM CATGG ACAGCATTGTCGCCGAGATCM GGCTCA 
:::::::::::: ::: :: : : : : ::: : :: :::: : : :::: : : :: :: :::::::::: 
K2.11 CMGATGGACMCAGCCGGGATCTGMCATGGACMCATTGTGGCTGAGATCAAGGCTCA 
:::::::::::::::::: :: : :::::::: : ::::::::::: ::: : ::::: ::: :: :: : 
K2.9 CAAGA'XGGACMCAGCCGGGACCTGM CATGGACMCATTGTTGCTGAGATCMGGCTCA 
K2.13 :;Er2E~m\mm::E~BmEm;:E~: 
Exon '~l ntron 5 K2.l1 K2.9 
~ ~ 
K2.13 gaqtggtccaggacacctgcctcct aga tgtgctgggagggat tca aggca t t ta t t a aa 
::::::::::::: :::: :: ::: ::::: : : ::: :: : :: : 
K2.11 gagtggtccaggacacctgccttctagacatgatggaaggga tgtgaggca tacaa taac 
: : :: : : : :::: :::::::::::::::::::: ::;:;::::::: :: :: ::::: :: : 
K2.9 gagtggtccaggac:acctgccttctagacattatggaaggga tg-gaggta taca t tacc 
K213 a aggct act tt tgtctgggg a t tctga tect tagggacggt aga ta aa gt a t tgaca t ct 
:::::: :: ::: :::::: 
K2.11 aaggcttcttttgtctggcaa tt tgga tttctagaga ttctgacagaagtgcagacagtt 
:::::: :: : ::: : :::: ::::: : : :: : :: : : :: :: ::: 
K2.9 aagatttct tt tgtctgggg a t tctga t tcct agaggtggtgaa aga agta caga ccget 
C a 
K2.13 
v v 
ctca ggt t g gg a t ag a aa gg ca gggct gca tg t 9 tg 9 t tge aca gget ga gee t 9 gg ea a 
: : : : : :::: :::::: : ::::: :::::::: : :: 
K2.11 ctcaggt ta tagtgggagga cagggctgca ta ta tggt t tcacaggct 9 tgcactgg - --
: :::::::::::: : :::::: : ::: : : ::: :: : ::::::::::::::: : :::: : 
K2.9 ctcaggttatagtgggaggacagggctgccattacgqtttcac.ggctgtqcactggca. 
K2.13 cctg aaaa tca tctatqt tgtcctgaa tgtgtgggaggtcc- ctactga qt ttca tgage 
: ::: : ::::: :: :: : :::: : :::: : : ::: 
K2.11 --------acatctgtagtgtct tgaa tgggtgga a tgtcetgtcctga get tca caagc 
K2.9 
K2.13 
K2.11 
K2.9 
::: ::: :: :: : 
cctgaaa atca tccgtgt tgt tctgagtgggt ggtaea t ccca tcctg agt ta ta aga gc 
tc 
V ElmllE~J~~~::lEBE~EE5 
Figure 6. Comparison of intron 4 through to exon 6 sequences from three 
sheep IF type II keratin genes. The sequence derived from intron 4 through 
to exon 6 of K2.11 was aligned with the adjacent K2.9 and K2.13 genes 
using the SEQA analysis program [20]. Identity to the K2.11 sequence is 
denoted by dots. Dashes have been introduced into the sequences to maximize 
alignment and the points of insertions of the K2.13 sequence are indicated. 
Exon/intron boundaries are marked by vertical lines and intron sequence is 
given in lower case. 
[131 and located within a 40-kb region. The K2.11 gene identified 
in t lis study maps in the middle of the hair gene cluster, between the 
K2.9 and K2.1O genes. Flanking this group of hair genes are two 
hair-like genes, K2.13 and K2.15, that are not active in the hair 
follicle or any other tissue layer of the pilosebaceous unit. K2.13 
encodes a hair-like protein that could be expressed in other tissues 
with hair-like layers. such as hoof/nail or tongue. although a "pre-
liminary survey of those tissues failed to detect any expression l26]. 
As both K2.13 and K2.15 are about 17 kb and 13 kb distant from 
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the hair cluster they provide a possible limit to the physical bounda-
ries of a hair keratin IF type II gene domain. 
Transgenic mouse studies with the K2.1 0 gene demonstrated that 
a 14-kb fragment was sufficient to direct follicle-specific gene ex-
pression but not to confer copy-dependent or position-independent 
gene expression. implicating the existence of other regulatory se-
quences beyond the 2-4 kb of flanking DNA present in the trans_ 
gene [27]. Studies on the p-globinlocus have shown that this type of 
result can signify the existence of a locus control region (LCR) 
whose presence is necessary to allow optimal gene expression [2.28]. 
In its endogenous context the LCR is believed to be a dominant 
positive activator. establishing a locus in a stable. transcriptionally 
competent state, although its precise molecular and functional de-
scription remains elusive. Operationally an LCR is defined as an 
element that confers copy number-dependent and position-inde_ 
pendent expression on a trans gene. Several trans genes displaying 
these properties are known [2.29]. including a type I IF keratin gene 
[30,31]. Other DNA elements that appear to function as chromo_ 
somal attachment regions (variously called scaffold or matrix at-
tachment regions or A elements) are believed to constrain the DNA 
into topologic loops that, in some cases, have been shown to coin_ 
cide with gene domains (for review see [32]) . Some of these attach_ 
ment regions promote elevated or copy-dependent gene expres_ 
sion and minimize [33 - 35] or abolish integration site position 
effects [36]. 
As the K2.1 0 gene lies at one end of the hair gene cluster (Fig 2) 
and the trans gene is subject to position effects. it will be important 
in the context of the physical hair domain we have described to 
determine where the other regulatory elements are located, 
whether they are involved in the transcription of all three hair genes 
in the domain and whether they have LCR-like qualities or attach_ 
ment functions . The locations of the p-globin LCRs were originally 
noted by their exquisite sensitivity to DNase I and therefore a 
DNase I sensitivity survey of the keratin gene cluster could reveal 
candidate LCR sites. Active genes are typically associated with an 
open chromatin domain, defined as a region of DNase I sensitivity 
[37 -39], and the results of a survey of this kind could also indicate 
whether the functional boundary of the hair domain co-maps with 
the physical boundary we have described. 
Four major sheep IF type II proteins are produced in the hair 
follicle and in situ hybridization studies have mapped the expression 
of three of them, K2.9, K2.1 0, and K2.11 during follicle differen_ 
tiation (see Fig 3B,C and [13]). The gene encoding the other major 
IF type II protein of sheep wool (K2.12/component 5 [40]) has the 
most variant sequence (see Fig 5) and would appear to be the first IF 
type II gene of the quartet that is transcriptionally activated [13]. It 
remains to be located. 
The three IF type II genes that flank the hair cluster (K2.13, 
K2.14, and K2.15) are not expressed in the hair follicle [12] yet 
there are extensive regions of intron sequence identity with the hair 
genes [26] (Table 1, Fig 6, and unpublished data). It is significant 
that these homologies are only found within the coding regions and 
introns and, given their extensive nature, it seems likely that they 
might be hallmarks of past gene conversion events rather than a 
Table I. Conservation of Hair and Hair-Related IF Type 11 
Intron 1 Sequences· 
K2.9 K2.10 K2.11 K2.13 K2.14 K2.15 
K2.9 56b 98 70 95 46 
K2.10 56 53 57 46 
K2.11 70 93 46 
K2.13 75 50 
K.2.14 45 
K.2.15 
• Comparison of the first 239 bases of each intton, currently the maximum available 
for the K2.11 intron. 
I Percent identify in pair-wise comparisons determined from linear sequence COm_ 
parisons with the SEQA analysis program [20]. 
VOL. 102, NO.2 FEBRUARY 1994 
measure of functional importance of the intron sequences. Conser-
vation between species would strengthen the possibility of a func-
tional role and the acquisition of corroborative sequence data for 
hair IF type II genes from other species would be more compelling 
evidence. In the hair type I IF genes, for example, the short intron 4 
sequence (-100 bp) shows 70% sequence identity between the 
mouse and sheep genes but none with a type I IF gene that is not 
expressed in hair follicle keratinocytes, suggesting that a regulatory 
element might reside in the hair intron [25]. 
The linkage of mouse hair and epidermal IF keratin gene loci has 
been demonstrated by genetic methods [9] and the present report 
describes the clustering of three hair and three unheralded hair-like 
genes within a 100-kb segment of DNA. Approximately 14 func-
tional type II genes are currently known, four hair and ten epithelial 
genes. However, if the cluster we have mapped is typical of the type 
II keratin locus in terms of the ratio of known to new genes, then the 
total number of type II genes may be double those currently known 
and could be in the vicinity of 30 type II IF keratin genes. Consistent 
with this estimate a short type II IF hair gene probe from the highly 
conserved segment at the end of the a-helical domain detected at 
least 20 Eco Rl restriction fragments in the mouse and sheep ge-
nomes and 40 in the human genome [13]. In mapping three human 
type II keratin genes Rosenberg et al [41] discovered that the pri-
mary location was on 12q with weaker hybridizing sites on 12p and 
15q, implicating the existence of related genes at those positions. If 
the majority of the type II genes are located at one locus and their 
intergene spacings parallel those in the cluster mapped in this re-
port, then the type II IF gene locus would span on the order of 
500 kb. To fully understand the regulation of the keratin IF multi-
gene families with all their developmental and tissue-specific con-
trols it is necessary to construct a long-range, high resolution map of 
each locus and clone the DNA. Our data represent an important 
advance towards this goal for the IF type II locus. 
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